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DNA vaccination consists of admin- 
istering an antigen-coding nucleo- 
tide sequence. In order to improve the 
efficacy of DNA vaccines, electroporation 
is one of the most commonly used meth- 
ods to enhance DNA uptake. Here, we 
discuss additional immunological effects 
of electroporation that are key aspects for 
inducing immunity in response to DNA 
vaccines. 

DNA vaccination consists of the 
administration of a construct engineered 
to produce an antigen of interest designed 
to solicit immunity against pathogens 
or cancer cells exposing this antigen.''^ 
Eventually, the encoded immunogen will 
be responsible for the generation of a pool 
of antigen-specific T cells, some of which 
will remain as memory cells for long-term 
protection. This technology has been used 
for a wide range of applications, from 
laboratory tools to licensed veterinary 
vaccines. Also relevant to the treatment 
of human disease, the increasing number 
of clinical trials predicts the tremendous 
therapeutic potential for this approach 
against cancer. Moreover, DNA vaccines 
present several advantages over other vac- 
cination strategies, among which are the 
relatively higher stability of DNA that 
avoids cold chain disruption issues, as well 
as the low price and the ease in produc- 
ing good manufacturing practices (GMP) 
grade DNA. Electroporation via the deliv- 
ery of electric pulses (EPs) is being increas- 
ingly used in DNA vaccination protocols 



to improve immunization efficacy^'' EPs 
are meant to reversibly permeabilize the 
target cells and thus enhance the uptake 
and expression of the gene of interest.' 

Several mechanisms are involved in 
the generation of an adaptive immune 
response against the antigen encoded 
by the administered DNA vaccine. ^'^ If 
antigen-presenting cells (APCs), primar- 
ily dendritic cells (DCs), are directly 
transfected at the site of DNA administra- 
tion, the expressed antigen is presented in 
association with major histocompatibility 
complex (MHC) class I molecules (as for 
endogenous proteins). This will subse- 
quently stimulate the synthesis of a pool 
of antigen-specific cytotoxic T lympho- 
cytes (CTL) following APC migration to 
the tumor-draining lymph nodes. Several 
authors have demonstrated that the epit- 
ope display mediated by MHC class I mol- 
ecules is prone to induce both a T helper 
type 1 (Thl) response in conjunction with 
the generation CTLs,^'' the most potent 
cytolytic effectors against cancer cells.'"'" 
With this in mind, a direct transfection 
of APCs is desirable for anticancer DNA 
vaccination purposes. However, to reach 
maximal efficacy, it has to be noted that 
transfection of non-immune cells must 
also occur in parallel. In this immunologic 
scenario, surrounding APCs may engulf 
either secreted antigen or apoptotic bodies 
originating from transfected non-immune 
cells, and display the epitopes by MHC 
class II (classical presentation) or MHC 
class I (cross-presentation) molecules. The 
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MHC class Il-mediated epitope presenta- 
tion is essential for proper and long-term 
immunization. Indeed, CD4+ T cells 
primed under these circumstances are 
required for the generation of the CTL 
pool and for the maintenance and reacti- 
vation of memory T cells. In any case, 
APCs, in particular DCs, are the common 
denominator mandatory for the elicitation 
of an adaptive immune response against 
the desired antigen.'' 

The 2 main target tissues used in DNA 
vaccination protocols are the muscle and 
the skin.^ The muscle is considered to be 
a protein factory as myocytes can pro- 
duce extensive quantities of antigens for 
months. On the contrary, cutaneous kera- 
tinocytes express relatively lower quanti- 
ties of antigens over a shorter period of 
time. However, skin tissues, in particular 
the epidermis and the dermis, are enriched 
in various types of APCs, including DCs, 
in comparison to muscle.'^ Thus, the skin 
route of administration has consequently 
garnered the interest of researchers and 
clinicians aiming to develop DNA-based 
immunizations, particularly in the con- 
text of anticancer vaccines. 

An increasing number of studies show 
that EPs applied to tissues, whether nor- 
mal or tumoral, induces immunological 
effects. Thus, EPs are potentially more 
instrumental than would be anticipated if 
only the enhancement of DNA uptake is 
considered. 

Indeed, within hours after the applica- 
tion of EPs in skeletal muscles, a visible 
local inflammation associated with edema 
is observed, '^''^ potentially due to minor 
deleterious effects on the tissues causing 
some EP-associated cell death. This latter 
statement is supported by several studies 
showing some minor tissue damages in 
conjunction with immune cell recruit- 
ment following EP application,"*'" as well 
as an upregulation of apoptosis /necrosis 
genes.'* Local edema was also observed 
in tumors treated by electrochemotherapy 
(ECT), that is the use of EPs to enhance 
non-permeant anticancer drugs uptake by 
cancer cells, ^° after intramuscular admin- 
istration of the drug, suggesting that the 
EPs delivered to the tumor site were pos- 
sibly solely responsible for the swelling 
observed.^' Evidence that the edema was 
more severe in immunocompetent than in 



immunodeficient mice is consistent with 
EP-mediated effects dependent upon the 
presence of an intact immune system. 
Thus, the edema, that increases the vas- 
cular permeability, probably paved the 
way for the local inflammatory infiltrate 
of macrophages, DCs," and polymor- 
phonuclear leukocytes""'^ observed after 
EP application on muscles. Moreover, 
our group showed that infiltrating mono- 
nuclear leukocytes were already present in 
the ECT-treated tumors as early as 25 h 
after the treatment.^^ Hence, this immune 
cell recruitment is de facto dependent on 
the direct effects of the EPs since the ECT- 
mediated cell death becomes detectable 
only after an initial mitosis arrest lasting 
1 to 2 cell cycles and requiring at least 24 
h after the treatment.^^ Our observations 
were independently reinforced by those 
of Gernili et al.^' who showed that ECT 
treatment of human melanoma stimulated 
the maturation of pre-existent tumor-resi- 
dent Langerhans cells, an epidermal subset 
of DCs, and their subsequent migration to 
the tumor-draining lymph node as early 
as 24 h after the treatment. Similarly, our 
group detected an intratumoral recruit- 
ment of DCs expressing CD80/CD86 
maturation markers 48 h after the ECT 
treatment of immunogenic murine tumors 
in immunocompetent mice."* However, 
this observation could arise from the com- 
bined effects of EPs and the inflammatory 
reaction triggered by ECT-mediated cell 
death, which could also lead to the elicita- 
tion of an adaptive immune response. It 
was also found that the expression of clas- 
sical APCs maturation markers such as 
F4/80 antigen"^ and MHC class 11" were 
upregulated once APCs were localized in 
the EP-treated region of the muscles, even 
in the absence of chemotherapy drugs."" 

Our group showed very recently that 
a vast amount of ATP is released into 
the extracellular space following EP 
administration to cells in vitro (reference 
Oncolmmunology in press). This per- 
fectly fits our previous study demonstrat- 
ing that the intracellular ATP content of 
myocytes drops after EP application in 
vivo.'^ Therefore, it can be hypothesized 
that the release of intracellular ATP into 
extracellular milieu of the area subject to 
EPs could be largely responsible for the 
recruitment of immune cells mentioned 



above."''*'"''" Indeed, ATP plays a che- 
moattractant role ("find me" signal) for 
DCs and their precursors''''^'' and favors 
their differentiation and maturation into 
DCs with antigen-presenting capacity.'^ It 
has also been postulated that the immune 
cells recruited into the electroporated 
areas are responding to tumor necrosis 
factor-ct and interleukin-l|3 or other 
pro-inflammatory mediators, secreted 
by the electropermeabilized myocytes."' 
Conceptually then, the liberation of elec- 
troporated cell metabolites into the extra- 
cellular space ultimately creates a local 
inflammatory environment prone to the 
recruitment of immune cells. Consistent 
with these observations, other authors 
showed that APCs and polymorpho- 
nuclear infiltrates in vaccinated muscles 
occurred only when DNA injection was 
coupled with electroporation and was 
associated with improved immunization 
efficacy in the context of DNA vaccina- 
tion.'**'" Finally, our study also shows that 
in vitro EP application leads to calreticu- 
lin exposure on the cell surface (reference 
Oncolmmunology in press). As calre- 
ticulin acts as an "eat me" signal for DCs 
upon binding to the phagocytic receptor 
CD91, it should be emphasized that EPs 
may also potentiate the engulfment of the 
transfected and thus antigen-expressing 
cells by DCs. 

It is now well known that APCs, 
mostly DCs, significantly impact the out- 
come of vaccination as they ensure effec- 
tive T cell priming and maintenance. ''''"•"' 
We highlight here that the use of EPs in 
DNA vaccination protocols is mandatory 
not only for efficient gene transfer into 
target cells but also to trigger the release 
of proinflammatory molecules and large 
quantities of ATP from target cells, as well 
as to elicit calreticulin exposure on the tar- 
get cell surface (Fig. 1). Thus, EPs play a 
pivotal role in recruiting the desired APCs 
to the vaccination site and in favoring 
antigen uptake by these cells. Even though 
the gene electrotransfer procedure leads to 
the efficient transfection of tissue-charac- 
teristic cells (such as myocytes or kerati- 
nocytes), the subsequent recruitment of 
the APCs to the vaccinated area and the 
generation of "eat me" signals produced 
by the electroporated target cells could 
be primarily responsible for the EP-based 
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Figure 1. Impact of electroporation on the outcome of anticancer DNA vaccination. (A) DNA vaccination performed without electroporation induces 
low transgene expression and leads to poor stimulation of APCs. A weak pool of antigen-specific T lymphocytes is generated but is inefficient in driving 
tumor cell death. (B) DNA vaccination combined with electroporation intensifies transgene expression and stimulates the recruitment of monocytes 
from the blood stream to the vaccination site of vaccination in response to ATP and other inflammatory mediators released from cells exposed to 
electric pulses (EPs). Once recruited, DC differentiation and maturation occurs upon antigen engulfment triggered by calreticulin exposure on the sur- 
face of cells exposed to the EPs. A significant pool of antigen-specific cytotoxic T lymphocytes (CTL) subsequently forms, potentially leading to tumor 
shrinkage. 



DNA vaccination efficacy. In this case, the 
APCs engulf the antigens produced by the 
transfected tissue-characteristic cells and 
present them via both MHC class I and II 
molecules in order to mount a proper and 
long-lasting immune response. In the case 
of anticancer DNA vaccination, cutaneous 
tissue should be taken into consideration 
as a target since gene electrotransfer into 
the skin is also prone to transfect resident 
APCs that naturally display the epitopes 
in the context of MHC class I molecules, 
ultimately generating both anticancer 
Thl cytokines and CTL, the most potent 
effectors against cancer cells. 
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